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Abstract 
This research addresses the determination of residual stresses in sandblasted austenitic 
steel by ultramicroindentation techniques using a sharp indenter, whose sensitivity to 
residual stress effects is said to be inferior to that for spherical ones. We propose the 
introduction of an angular correction in the model of Wang et al. that relates variations 
in the maximum load to the presence of residual stresses. Likewise, the contribution to 
hardness of grain size refinement and work hardening, developed as a consequence of 
the severe plastic deformation during blasting, is determined to avoid overestimation of 
the residual stresses. Measurements were performed on polished cross sections along a 
length of several microns, thus obtaining a profile of the residual stresses. Results show 
a good agreement with those obtained by synchrotron radiation on the same specimens, 
which validates the method and demonstrates that microindentation using sharp 
indenters may be sensitive to the residual stress effect. 
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1. Introduction 
 
Efforts to improve the osteointegration, fixation and stability of metallic 
implants have been addressed by creating a rough surface that increases the surface area 
available for bone/implant apposition. Particularly important has been the production of 
randomly rough surfaces by blasting the implant with oxide particles (mostly SiO2, 
ZrO2, or Al2O3) of angular or round shapes. In addition to the roughness increase, the 
treatment induces microstructural changes in a narrow zone beneath the blasted surface 
and leaves compressive residual stresses with a maximum value close to the surface [1-
3] . Such residual stress state is also found in other materials that suffer a severe surface 
plastic deformation by, for instance, surface mechanical attrition treatment (SMAT) 
[4,5], laser penning (LP) [6], or shot penning [7,8]. The residual stresses beneath the 
surface play a significant role by delaying crack initiation and/or slowing down crack 
propagation resulting in increased fatigue resistance. 
Determination of the stress state, as well as its magnitude and its depth that 
extends inside the material, has been traditionally done by diffraction techniques such as 
X-ray [9,10] or synchrotron radiation [11-13]. More recently, several methods have 
been developed for the determination of residual stresses through the analysis of load–
displacement data, often referred to as the load–penetration depth curve, obtained using 
instrumented indentation techniques. Experimental investigations have shown that 
residual stresses have a significant effect on the load-depth curve. As shown in the 
sketch of Fig. 1, at a given depth the load recorded for a material with tensile residual 
stresses is always less than the value corresponding to the stress-free state. When 
compressive residual stresses are present, however, the opposite effect is observed. 
These methods have attracted extensive interest because, unlike the other methods, they 
provide additional information on various mechanical properties on a very small length 
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scale, such as hardness, elastic modulus, fracture toughness, yield stress, and work 
hardening exponent. A summary of the state-of-art for residual stress measurement 
using instrumented indentation techniques can be found elsewhere [14]. They can 
basically be grouped as a function of the type of indenter (sharp, spherical) used for 
indentation.  
Methods using a sharp instrumented indentation are based on the differences in 
the contact areas of indentation [15] or on the differences in the maximum load of the 
load-depth curves [16]. The weakness of both models is that they assume that there is 
not any variation in the indent angle after removal of the load. However, it is known 
that the surface profile of the indent under load changes during the unloading stage due 
to the elastic recovery of the material. The assumption that this angle is equivalent to 
that of the indenter would overestimate the residual stresses. 
This research is aimed at determining the residual stress profile developed on the 
austenitic stainless steel blasted with alumina or zirconia particles by using 
ultramicroindentation techniques.  For this purpose, the load-depth curves obtained on 
the cross section at different distances of the blasted surface will be analysed by using 
the model of Wang et al. [16]. The accuracy of the method will be enhanced first by 
determining the variation in the indent angle after the removal of the load using 
different approaches. Second, by discarding the contribution of microstructure related 
features, particularly grain size refinement and work hardening [17,18], and 
simultaneously increasing the maximum load. The results of residual stress obtained 
with the upgraded model are compared with experimental results obtained by 
synchrotron radiation in the same specimens [13]. 
 
2. Experimental procedure 
 
  4  
Specimens were removed from commercial 316 LVM austenitic stainless steel 
bars and supplied by the implant manufacturer (Surgival SL, Spain). This steel has the 
following chemical composition in wt%: Cr 17.48, Ni 14.13, Mo 2.87, Mn 1.62, Si 
0.53, C 0.024, Cu 0.067, N 0.061, S 0.001, and Fe in balance. Disks are 20 mm in 
diameter and 2 mm in thickness. Blasting was performed by using a jet of either, Al2O3 
particles with a diameter of about 750 µm, hereafter SB1 specimens, or ZrO2 particles 
with an approximate diameter of 250 μm, hereafter SB2 specimens. The pressure in 
both cases was 350 kPa. Blasting lasted for about 30 to 60 s.  
Microstructural and surface characterization was performed by using a scanning 
electron microscope (SEM) Jeol JSM-6500F equipped with a field emission gun (FEG) 
emitter coupled with an energy dispersive X-ray (EDX) system for chemicals analysis. 
In order to preserve the original blasted surface during sectioning and to avoid artefacts 
during the measurements performed beneath the surface, selected specimens were 
electrolytically coated with a fine layer of Cu. The cross-section of blasted and 
unblasted samples were ground with consecutively finer SiC papers, and finely polished 
with diamond paste and colloidal silica (500 nm) to remove all disturbed metal. This 
surface finishing makes it possible to reveal the grain size structure in the SEM by using 
backscattered electron images. 
Ultramicroindentations experiments were conducted with a Nanotest 600 
(Micromaterials) equipped with a Berkovich type indenter. The indentations were made 
in cross sections by setting the maximum depth of indentation at 490 nm, leaving the 
equipment to reach the load necessary to achieve such a depth.  Results of maximum 
load at a given distance to the blasted surface correspond to an average value from at 
least 10 indentations. 
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3. Results and discussion 
 
3.1 Microstructural characterization 
 
Cross sectional examination of blasted specimens by using backscattered 
electron images, Fig 2, reveals a gradient of the microstructure in the blasted affected 
zone. Beneath the blasted surface, a submicron grain size layer of about 10 μm in 
thickness is observed. Then, there is a transition zone in which the grain size changes 
gradually from the submicron size (200 nm) to the micrometric size (45 μm) that 
corresponds to the grain size of the bulk. The thickness of the blasted affected zone 
depends on the type of particles used for blasting; about 200 and 90 μm for the SB1 and 
SB2 specimens, respectively. This microstructure is a consequence of the gradient in the 
severe plastic deformation, with a maximum close to the surface, and its evolution 
towards a predominant elastic deformation when progressing to the interior of the 
specimen. A wider microstructural characterization of both materials can be found 
elsewhere [13]. 
 
3.2 Mechanical characterization 
 
The indentations were performed in the sample cross section along a direction 
perpendicular to the blasted surface fixing a maximum indentation depth of 490 nm. 
Overall, the maximum load decreases with increasing the distance to the surface that 
denotes a decrease of the resistance of the material to be indented. A nearly constant 
value of 6.1±0.2 GPa was found after about 190 μm for SB1 and 120 μm in the case of 
SB2. Variations in the maximum load, Pmax, would obviously include the different 
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contributions for hardening. For illustrative purposes, Fig. 3 shows three load-depth 
curves obtained at different distances from the zirconia blasted surface, SB2. For the 
sake of clarity, it should be mentioned that differences in the maximum depth of 
indentation of the sample, shown in Fig.3, with regards to the fixed maximum 
indentation nominal value (490 nm) are due to the deformation of the experimental 
equipment, which is automatically subtracted by the software. 
Figure 4 shows the hardness as a function of the indentation depth after removal 
of the load, i.e. residual depth, for both types of specimens. As can be seen, the decrease 
in hardness, which corresponds to an increasing distance to the blasted surface, is 
accompanied with a significant decrease in the residual depth. This behaviour is 
expected since during the unloading process compressive residual stresses would have 
decreased the hf/hmax ratio, that is, increase the elastic recovery. Taking into 
consideration the relatively large decrease in the residual depth, additional contributions 
of subsurface microstructural changes at the blasted affected zone, such as grain size 
refining and work hardening that also diminish the residual indentation [19], should be 
invoked.  
 
3.3 Residual stress determination: notations, assumptions, and approaches 
 
The model of Wang et al. [16] developed to determine the residual stresses is 
based on the variations of the maximum load of the load-depth curve between stressed 
and unstressed zones and has the following form:  
22
2
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where , i=1,2 represents the maximum load reached during testing at the stress free 
(i = 1) and stressed (i = 2) condition. The value of θ is the cone semi-angle of the 
residual indentation impression and can be considered as a geometric correction factor 
used for other sharp indenters. hr represents the residual depth after making the 
adjustment of Oliver & Pharr in the unloading curve. The model assumes that there is 
no variation in the indent angle after removal of the load and uses a fixed value 
estimated from the best fit between finite elements simulations and nanoindentation 
experiments. However, it is known that the surface profile of the indent under load 
changes during the unloading stage due to the elastic recovery of the material. Fig. 5 
schematically illustrates the geometry of the impression in the loaded and unloaded 
condition. The difference between both angles increases with increasing the 
compressive residual stresses. Once the indenter is withdrawn, the tendency of the 
residual footprint in a material under compressive stress is contraction, which is 
reflected in an increase in the angle θ in the residual indentation. Therefore, the higher 
this value, the more important are the compressive residual stresses. Taking into 
consideration that the magnitude of the stresses in Eq. (1) are inversely proportional to 
the value of the residual angle of indent, the variation in the value of θ becomes a 
critical parameter.  
iPmax
Our approach to calculate θ is to use the expression developed by Bao et al. [20] 
aimed at determining the elastic parameters and energy-dissipation capacity of solid 
materials by the analysis of a residual indent trail. These authors introduced the λ-
parameter that relates to the indent angle by the general expression  
( ) ( )[ ]θθη
η
πελ ctgctg O −−= 1
2  .                     (2) 
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The λ parameter is given by the ratio of hardness to the reduced modulus (H/Er), 
whereas H = P/A is the hardness calculated using the contact projected area and Er the 
reduced modulus. The other parameter required to determine the residual indent angle is 
the θ0 angle. For this analysis, we will use the value of 70.3º that corresponds to an 
indenter with a conical geometry whose area is equivalent to a Vickers or Berkovich 
type indenter. The parameters ε and η are constants related to the material properties 
that have a simple relation through the m-exponent of the unloading curve through the 
equation 
ηε ⋅= m                    (3) 
Therefore, if the m-value is obtained, ε and η parameters can be calculated. The 
m-value can be determined by analysing the unloading curve obtained in the 
ultramicroindentation tests. Taking logarithms at both sides of the Kick’s law [21] we 
get the expression 
( )fhhLogmLogLogP −⋅+= α              (4) 
and through a linear representation of the data, the value of the slope, i.e. the value of m, 
can be determined. 
The parameter η is a function of the m-exponent, which has the same form of the 
constant proposed by Woirgard and Dargenton [22].   
( )[ ]
( )[ ]115.0 5.015.011 1
1
+−⋅Γ
+−⋅Γ−= −
−
m
m
πη             (5) 
where Γ is the gamma function. Known the m- and η-values, the ε-constant can be 
determined by using the Eq. (3). Values of the m, ε and η parameters, together with 
values of the residual angle calculated with the Eq. (2) are listed in the Table 1 for both 
types of specimens. As can be seen, differences of the residual indent angle with regards 
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to that of the indenter (70.3º) becomes smaller with increasing the distance to the 
blasted surface, which may be associated with a lower compressive residual stresses. 
 With regards to the applicability of this analysis for studying the residual stress 
in sand blasted steels, it should be noted that, as previously said, blasting of the alloy 
introduces additional sources for hardening, manifested by gradients in grain size and 
work hardening [13]. These microstructural related contributions influence the load-
depth curve by increasing the maximum load achieved (Pmax) for a given maximum 
depth. As evidenced by Atar et al. [23], the residual stresses would then be 
overestimated. Thus, the study of residual stress for this system requires the individual 
analysis of all contributions for hardening. The eventual contribution of α’-martensite is 
not taken into consideration, since it has been demonstrated that this phase is only 
present in the first 25 µm (BL2) and 35 µm (BL1) and that it is inhomogeneously 
distributed along the parallel direction to the surface [13]. The α’-phase is often called 
strain-induced martensite because it is produced by a diffusionless phase 
transformation. It can be argued that the presence of this new phase could increase the 
hardness recorded by the microindenter. However, as revealed by Mészáros and 
Prohászka [24], the degree of hardening introduced by the presence of α’-martensite in 
stainless steel 304 is negligible compared to the hardening due to increased density of 
dislocations introduced during lamination at room temperature. It is noteworthy that the 
phase transformation induced by plastic deformation is much more significant in 
stainless steel 304 than in stainless steel 316 LVM, where the element content of γ 
phase stabilizers, such as Ni and Mo, is higher in the steel 316 LVM than in the steel 
304. Thus, the hardening introduced by the presence of α’-martensite is negligible and 
therefore not considered in the development of this research. Next the contribution of 
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grain refinement, work hardening, and residual stresses to the overall hardening will be 
analysed. 
 
3.4 Determination of the maximum load increase due to grain size refinement 
 
Contribution of grain size refinement to hardening can be determined by 
combining the expression of Tabor [25] 
σ⋅≈ 3H ,                                                                                                                       (6) 
with the Hall-Petch relationship [26,27], which results in  
d
KHH H⋅+= 30 .                                     (7) 
The KH-constant can be taken from the work of Singh et al. [28] who studied the Hall-
Petch relationship in the austenitic stainless steel 316 LVM for different degrees of 
deformation at room temperature. Considering a constant strain of 0.2%, a KH value of 
575 MPa μm1/2 is obtained. The value of H0 is the hardness determined at a fixed 
maximum depth of 490 nm in an area far away from the blasted affected zone. The d-
parameter represents the grain size and H is the experimental hardness obtained with the 
ultramicroindenter on cross sections along a direction perpendicular to the blasted 
surface. These parameters being known, we can calculate the hardening due to grain 
size refinement by using the equation. 
d
KHHH Hrfg
⋅=−=Δ − 30 .                          (8) 
This hardening due to grain refinement can be expressed in terms of the increase 
in the maximum load reached during testing (ΔPg-rf ) through the expression  
AHP rfgrfg ⋅Δ=Δ −− ,                            (9) 
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where A represents the projected area in an elastic-plastic contact at the maximum of the 
loading-unloading curve. For its determination we can combine the expressions 
max
2310
P
R
RU
dh
dPS
E
EC
SA
⎟⎠
⎞⎜⎝
⎛=
⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛
⋅
⋅=
−
        ,              (10) and (11) 
where S is the slope for the initial unloading curve of the test and represents the stiffness 
of the material; CU is a dimensionless constant that depends only on the shape of the 
indenter, that is 1.167 for a Berkovich type geometry; and ER is the Young’s reduced 
modulus of the material. 
 The contribution to hardening by grain refinement can be then determined by 
using Eqs. (6-11). The relevant parameters used to feed these equations are summarised 
in Table 2 for the alumina and zirconia blasted specimens. In the case of the alumina 
blasted specimens (SB-1), the first two indentations are located at 20 and 40 μm from 
the blasted surface. Grain sizes at these zones are approximately 20 and 30 μm 
respectively. In the case of the zirconia blasted specimens (SB-2), the first indentation is 
about 10 μm from the surface where the grain size in this zone is approximately 2 μm. 
As can be seen, projected areas tend to decrease with decreasing the distance to the 
blasted surface, which is associated with the increase in the residual stresses and 
subsurface modifications, such as showing by Xu and Li [19].   
 
3.5 Determination of the maximum load increase due to work hardening 
  
A second source for hardening associated with the severe plastic deformation is 
related to work hardening that results in an increase of the yield strength (Y). Work 
hardening has also a great effect on the maximum load (Pmax) of the load-depth curve 
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when the Y/E ratio is small and strain hardening exponent is high, such as occurs in the 
316 stainless steel. Its contribution to hardening can be estimated by considering an 
isotropic strain hardened material uniaxialy loaded under tensile stress; its constitutive 
behaviour can be expressed as: 
EYifk
EYifE
n ≥⇒⋅=
≤⇒⋅=
εεσ
εεσ
  ,                                                          (12) 
where E and Y are the Young’s modulus and yield strength of the material, respectively, 
and n the strain hardening exponent. The strength coefficient K is defined as: 
( nYEYK = )   .              (13) 
 The value of the effective yield strength (Y*) can be calculated through the semi-
empirical formulation of Chen et al. [29] developed to extract the values of residual 
stresses through nanoindentation. The expression is 
( 5.0*2maxmax 626.5 REYhEP ⋅⋅= ) ,            (14) 
where ER is the Young's reduced modulus, hmax the maximum depth of the indentation 
and Pmax the maximum load reached during the test. This effective yield strength, 
defined for the first time in the work of Cheng and Cheng [30], has the advantage of 
being an independent value of the cold work hardening exponent.  
 Unlike the semi-empirical formulation proposed by Chen et al. [29], we suggest 
the calculation of this (ΔY*) by making consecutive indentations along the blasted 
affected zone. The Eq. (13) can be rewritten as 
R
R
E
hE
P
Y ⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛
⋅⋅
Δ=Δ
2
2
max
*
626.5
,                     (15) 
where ΔP represents the load increase reached during the ultramicroindentation test in 
the cross section.  
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Table 3 summarises the parameters needed to calculate the increase in the 
effective yield strength (ΔY*) through the Eq. (15). As can be seen, the effective yield 
strength tends to increase when moving towards the blasted surface, showing a 
significant decrease at the closest distance. These results are consistent with the elastic 
contact theory of Hertz [31], which predicts that the maximum plastic deformation does 
not occur at the point of contact, but at a slight depth of the blasted surface. It can be 
shown that the Young’s modulus is not modified by the variation in the microstructure, 
as was also pointed out in a previous study on 316 L, severely deformed at the surface 
by ultrasonic mechanical attrition [32]. 
 Once ΔY* is determined, the hardness increase corresponding to the work 
hardening (ΔHWh) can be calculated by using the expression of Tabor (Eq. 6). Using this 
value of hardening and applying the Eq. 9, the value of ΔPWh associated with work 
hardening can be obtained. Results are shown in Table 4.  
  
3.6 Determination of the maximum load increase due to residual stresses 
  
Once the values for hardening due to grain refining (ΔHG-rf) and work hardening 
(ΔHWh) are known, the determination of hardening due to the residual stresses is 
possible by applying the equation 
WhrfGStR −− HHHH Δ−Δ−Δ=Δ
  .             (16) 
Fig. 6 shows the total hardening as a function of the distance to the  blasted surface, as 
well as the contributions of the different microstructural factors influencing hardening 
for the alumina, Fig.6a, and zirconia, Fig.6b, blasted specimens. As can be seen, the 
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most significant contribution to hardening is the residual stresses for both types of 
specimen.  
 
3.7. Calculation of residual stresses 
  
Once the values of the residual angle (Table 1) and values of the load increase 
related to the residual stresses at each indentation place, determined by using the 
equation 
WhrfGStR PPPP Δ−Δ−Δ=Δ −− ,                                                                                         (17) 
are known, the residual stresses can be calculated by using the Eq. (1). To highlight the 
efficiency of the approaches of the present work, Fig. 7 shows the residual stresses as a 
function of depth for both types of specimen determined with the measured maximum 
loads without any correction (open symbols), after discarding the contribution of the 
additional hardening mechanisms (half-filled symbols), and after introduction of the 
angular correction (filled symbols). From the comparative analysis of these curves it 
follows that residual stresses are compressive with a maximum value close to the 
surface, being the maximum compressive stress values up to a 60% and a 25 % lower 
than those determined without any correction or when considering the additional 
hardening mechanisms but not the angular corrections, respectively. Here, it is worth 
noticing that stress values obtained by using the approaches of the present work are of 
the same order of magnitude as those determined in similar materials using 
conventional techniques such as X-ray or neutron diffraction techniques [9-11]. It is 
important for the present work that the maximum surface compressive residual stresses 
for the alumina and zirconia blasted specimens were 491and 707 MPa, respectively, 
when determined by microindentation, whereas they were 470 and 670 MPa when 
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determined by synchrotron radiation in the same type of specimens [13]. Moreover, the 
gradient of the residual stresses are in a very good agreement. Both features provide 
evidence that the approaches used in the present work are valid.  
The effects of the residual stresses on the contact areas are relatively small when 
using a sharp indenter, such as that used in the present work, and usually only applies to 
materials where the ratio between the Young’s modulus and the yield strength is below 
150, as typically occurs for materials with a low degree of cold work hardening [19]. 
Therefore, the austenitic stainless steel here investigated, having a high hardening 
coefficient [33], should have shown a weak sensitivity. The results of the present work, 
however, show that the accuracy of the residual stresses using sharp indenters may be 
enhanced when considering the variation of the indent angle after unloading and the 
different microstructure related features contributing simultaneously to increase the 
maximum load. Altar el al. [23] also found that the discrepancy in the residual stresses 
determined by X-ray diffraction and nanoindentation can be eliminated by the 
appropriate setting of the geometrical factor of the indenter in the relevant equation of 
the indentation method. 
 The agreement of the residual stress profile obtained in the present work, of a 
length of several microns, with that obtained by synchrotron radiation extends the 
possibility of nanoindentation techniques, being mostly applied to determination of 
residual stresses confined in a small volume such as coatings or ion implanted affected 
zones.  
 
4. Conclusions 
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This research addresses the determination of the depth profile of residual stresses in 
sandblasted austenitic steel by ultramicroindentation techniques using a sharp indenter 
and fixing a maximum indentation depth. The most relevant conclusions are: 
 
• As blasting causes subsurface strain gradients, variations in the maximum load with 
increasing distance to the blasted surface enclose the contributions of residual 
stresses, work hardening and grain refinement. Determination of the last two 
hardening contributions allows concluding that compressive residual stresses is the 
main hardening factor, irrespective of the particles used for blasting.  
• Compressive residual stresses determined by using the model of Wang et al. [16] 
will be highly overestimated (up to about 94% for the alumina blasted specimens) if 
the contribution to the maximum load of the additional hardening mechanisms is not 
taken into consideration. 
• Accuracy of the residual stress value is additionally improved when taking into 
consideration the variation in the cone semi-angle of the residual indentation. 
Resulting values are up to about 25 % lower than without the angular correction, 
which highlights the necessity of taken into consideration the variation of such 
geometric correction when using the existing models. 
• Residual stress values determined after taking into consideration the two approaches 
previously indicated show a good agreement with those obtained by synchrotron 
radiation on the same specimens, which validates the method used in the present 
work and demonstrates that microindentation using sharp indenters may be sensitive 
to the residual stress effect. 
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Figure captions 
 
Fig. 1 Scheme showing the effect of residual stresses on the load-depth curves  
 
Fig. 2 Backscattered electron images of cross sections corresponding to A) SB1, 
alumina blasted specimens, and B) SB2, zirconia blasted specimens 
 
Fig. 3 Load-depth curves obtained at 10, 80, and 120 μm from the blasted surface of the 
zirconia blasted specimen, SB2.  
 
Fig.  4 Variation of hardness as a function of the residual depth of the indentation for 
the alumina (SB1) and the zirconia (SB2) blasted specimens.  
 
Fig. 5 Schematic representation of a cross-section of an indentation and parameters used 
in the analysis. 
 
Fig. 6 Total hardening as a function of depth, as well as the contributions of the 
different microstructural factors influencing hardening for the alumina (SB1) and the 
zirconia (SB2) blasted specimens.  
 
Fig. 7 Residual stresses as a function of depth for the alumina (SB1) and the zirconia 
(BL2) blasted specimens determined by using the Wang et al. model [16] without any 
correction (open symbols), after discarding the contribution of the additional hardening 
mechanisms (half-filled symbols), and after introduction of the angular correction (filled 
symbols).  
  
Table 1 
Parameters used to determine the indent angle after removal of the load for the 
specimens blasted with zirconia (SB-1) and alumina (SB-2) 
SB-1 SB-2 
Dist. 
surface 
(m) 
 
m 
 
 
 
 
 
 
Dist. 
surface 
(m) 
 
m 
 
 
 
 
 
 
20 1.361 0.561 0.764 72.459 10 1.349 0.567 0.765 72.768 
40 1.362 0.561 0.764 72.557 20 1.354 0.565 0.765 72.630 
65 1.346 0.569 0.766 72.174 40 1.342 0.571 0.766 72.233 
90 1.339 0.572 0.767 71.871 80 1.342 0.571 0.766 72.007 
130 1.334 0.575 0.767 71.696 100 1.332 0.576 0.768 71.655 
150 1.327 0.579 0.768 71.610      
 
 
Table 1
Table 2 
Values for the hardening as well as the increase experienced by the load due to the grain 
size refinement. 
 
SB-1 SB-2 
Dist.  
surface 
(m) 
HG-rf 
(GPa ) 
PG-rf 
(mN ) 
A 
(m2) 
Dist.  
surface 
(m) 
HG-rf 
(GPa ) 
PG-rf 
(mN ) 
A 
(m2) 
20 0.39 1.65 4.26 10
-12
 10 1.22 4.97 4.08 10
-12
 
40 0.32 1.33 4.22 10
-12
 20 0 0 4.19 10
-12
 
65 0 0 4.33 10
-12
 40 0 0 4.43 10
-12
 
90 0 0 4.59 10
-12
 80 0 0 4.53 10
-12
 
130 0 0 4.78 10
-12
 100 0 0 4.88 10
-12
 
150 0 0 4.90 10
-12
     
 
 
Table 2
Table 3 
 Values of maximum load, reduced Young's modulus, and maximum depth used to 
determine the effective yield strength at different distanced of the blasted surface for the 
SB1 and SB2 specimens 
 
 
SB-1 SB-2 
Dist. 
Surface 
( m) 
P 
(mN) 
E 
(GPa) 
hmax 
(nm) 
Y
*
 
(MPa) 
Dist. 
Surface 
( m) 
P 
(mN) 
E 
(GPa) 
hmax 
(nm) 
Y
*
 
(MPa) 
20 7.64 203.2 480.5 170.37 10 7.74 199.6 477.5 0 
40 10.20 210.7 477.0 384.46 20 10.95 199.6 478.2 371.07 
65 7.46 209.8 481.9 155.39 40 8.50 208.7 481.7 209.20 
90 4.04 212.4 486.7 43.35 80 5.20 209.6 482.4 79.13 
130 2.06 213.6 488.1 11.02 100 0.58 208.5 490.8 1.32 
150 0.64 206.2 491.7 1.07      
 
  
 
Table 3
Table 4 
Values of hardness and maximum load increases induced by work hardening as a 
function of the distance to the blasted surfaces of SB1 and SB2 specimens. “A” denotes 
values of the projected areas in an elastic-plastic contact.  
 
SB-1 SB-2 
Dist. 
Surface 
(m) 
HWh 
( GPa ) 
PWh 
( mN ) 
A  
( m2 ) 
Dist. 
Surface 
(m) 
HWh 
( GPa ) 
PWh 
( mN ) 
A 
( m2 ) 
20 0.51 2.18 4.26 10
-12
 10 0 0 4.08 10
-12
 
40 0.87 3.65 4.22 10
-12
 20 1.11 4.67 4.19 10
-12
 
65 0.47 2.01 4.33 10
-12
 40 0.63 2.78 4.43 10
-12
 
90 0.13 0.60 4.59 10
-12
 80 0.24 1.07 4.53 10
-12
 
130 0.03 0.16 4.78 10
-12
 100 0.00 0.02 4.88 10
-12
 
150 0.00 0.02 4.90 10
-12
     
 
 
Table 4
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Scheme showing the effect of residual stresses on the load-depth curves  
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Fig 3. Load-depth curves obtained at 10, 80, and 120 m from the surface of the 
zirconia blasted specimen, SB2.  
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Fig  4. Variation of hardness as a function of the residual depth of the indentation for 
alumina (SB1) and zirconia (SB2) blasted specimens.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Schematic representation of a cross-section of an indentation and parameters 
used in the analysis 
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